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This is a more extensive report than earlier publications 

on upper ionospheric ion composition (Bourdeau et al, 1962) and 

electron temperature (Serbu et al, 1961) and on spacecraft-plasma 

interaction (Bourdeau et al, 1961), all measured by use of the 

Explorer VI11 Satellite. 

Results from an ion retarding potential experiment show that 

the upper ionospheric composition responds to the neutral gas 

temperature. Specifically, during the satellite's active life 

(November-December, 1960), O+ ions predominated from the perigee 

altitude (425 km) up t o  about 800 km at night and 1500 k m  at 

diurnal maximum; the base of the helium ion region was located 

at 800 km during the sunrise period and at 1500 km in the daytime; 

the base of the protonosphere possibly was located at 1200 km 

during the sunrise period and'above 1800 km at diurnal maxim. 

For the latitudes indicated, the electron temperature (T,) 

data which in this report are restricted to magnetically-quiet 

dsys (Ap<l5) are consonant with current models of the diurnal 

electron density behavior and with a hypothesis of solar ultra- 

violet radiation as the only ionizing agent. For the six-hour 



period centered at midnight, the average T, observed at altitudes 

425-600 krn was 900°K with a standard deviation of 150°K, There 

were no anomalously high values and no significant change with 

magnetic dip ( 0 - 7 5 O N ) .  

netic dips between 50°-70's and at altitudes between 1000-2400 km, 

the observed average Te was 1600°K with a standard deviation of 

200°K when a small percentage of anomalously high values are 

excluded. 

variation is that Te exceeds the neutral gas temperature by a 

factor of about 2.5 during the sunrise period in the altitude 

region 600-900 km. 

of differences between the Explorer VI11 Te observations and other 

For the period 10-16 hours LMT, at mag- 

The most pronounced feature of the measured diurnal 

Suggestions are made for the explanation 

I ground-based and spaceflight measurements of upper ionospheric 

parameters. 

I The measured satellite-plasma interaction is consistent with 

theoretical expectation lending confidence to the above-described 
I 

geophysical results. The observed "average" potential of the satel - 

lite varied from a few tenths of a volt negative at night, to zero 
4 - 3  when the measured daytime charged particle density was 10 cm 

and thence to a few tenths of a volt positive for daytime densi- 

ties of 10 cm . Superimposed on the llaveragell potential were 

experimentally-observed potential gradients across the satellite 

skin, an effect produced by the movement of a conducting body 

through a magnetic field. The measured orientation sensitivity of 

three types of current flowing between the satellite and the iono- 
sphere is described, 
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1 INTRODUCTION 

The Explorer VIII Satellite was devoted primarily to the 

measurement of upper ionospheric parameters by environmental 

sampling techniques. Prior to its successful launching, the iono- 

sphere had been studied principally by classical ground-based and 

rocket borne radio-propagation methods. The success of environ- 

mental sampling methods depends on a competent evaluation of the 

complicated interaction processes which take place between a 

spacecraft and the ionized medium which surrounds it. The rela- 

tive absence of spaceflight observations on the interaction phe- 

nomena dictated that (a) the spacecraft configuration be as simple 

as possible and (b) that it carry supporting experiments designed 

specifically to study the interaction and thus permit valid inter- 

pretation of the geophysical data. 

The interaction was minimized by (a) restricting the use of 

protuberances, (b) abstaining from the use of solar cells in order 

to maintain an equipotential surface and (c) limiting the telemetry 

transmitter power to a value which previous results showed would 

not seriously affect the vehicle potential. These factors proved 

advantageous in that the studied interaction is quite explainable 

from kinetic theory considerations as applied to satellites (Grin- 

gauz and Zelikman, 1957) thus lending confidence to the reported 

ionospheric parameters. On the other hand, the limited active 

life together with the nature of real time telemetry transmissions 

and the scarcity of receiving sites capable of accepting the low 
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signal levels did restrict the acquired data to specific latitude, 

altitude and temporal conditions. 

The satellite was launched on 3 November 1 9 6 0 ,  into an orbit 

with a 5C0 inclination, a perigee of 425 km and an apogee of 

2400 km. The planned active life was two months. The spacecraft 

shown in Figure 1 consisted of two truncated cones joined at the 

equator. Thermal coatings were placed on both cones in a pattern 

conducive to the maintenance of an equipotential surface. The 

spin rate at injection was reduced to an orbital value of 22 rpm 

so that retarding potential curves could be obtained for a mini- 

mum orientation change. Of the ten experiments, six are perti- 

nent to this report. 

Two different but gratifyingly-redundant electron temperature 

sensors were located near the forward end of the spin axis. One 

of these also provided data on the ambient electron density, the 

average potential ( G o )  of the satellite, and the behavior of the 

electron current (ie) flowing from the medium to the satellite as 

a function of position relative to the velocity vector. 

electron temperature sensor is identified in Figure 1; the other 

was located diametrically opposite. The remaining four sensors 

were located on the satellite's equator, two being identified in 

Figure 1 with the remaining two located diametrically opposite. 

One of these was a retarding potential analyzer designed to measure 

ion composition. The secmd measured the ion current (i+) flowing 

from the medium to the satellite as a function of position relative 
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to the velocity vector. 
the photocurrent (ip). 

parison of the output of this sensor with the ie measurement made 

near the forward end of the spin axis permits a determination of 
the behavior of ie as a function of magnetic field orientation. 

The fourth experiment provided redundancy in that it mea siired t h e  

sum of ie, i+ and i 

the spacecraft and the ionosphere. 

The third measured the sum of ie and of 
When not oriented toward the sun, a com- 

and thus of the total current exchange between P 

2. TIE POTENTIAL OF THE EXPLORER VI11 SATELLITE 

The "average'' potential of a conducting body at rest where RF 

and magnetic fields and solar radiation may be neglected is given 

by 

where k is Boltzmann's constant, e is the electronic charge and 
Je and J+ are the respective electron and ion current densities 

which flow in the undisturbed ionosphere. On the assumption of 
temperature and charge equilibrium between electrons and ions 

(Te = T+; ne = n+), this reduces to: 

where m+ and me are the respective ion and electron masses. 

medium containing only O+ ions at a temperature of 1000°K, the 

computed potential is -0.44 volts. 

Turning to the practical case of a conducting body moving with 

In a 

satellite velocity through the nighttime ionosphere, the average 

potential (again neglecting the effects of RF and magnetic fields) 

is given by: 
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where Se and S, are t h e  areas over which t h e  r e spec t jve  electron 

and ion cu r ren t s  are e f f e c t i v e .  It  can be shown t h a t  t h  j s rpd1icos 

approximately t o  

where V e  and V are t h e  r e spec t ive  e l e c t r o n  and s a t e l l i t e  veloci-  

t i e s .  

mately -0.29 v o l t s .  This  i s  t o  be compared with measured 

Explorer V I 1 1  night t ime average p o t e n t i a l  values between -0.5 and 

- C . 7 5  f o r  the e l e c t r o n  temperature ind ica t ed .  This  i s  an order  

of magnitude improvement i n  t h e  agreement between measured and 

predic ted  s s t e l l i t e  p o t e n t i a l s  over t h a t  obtained by o t h e r  i n v e s t i -  

g a t o r s ,  s p e c i f i c a l l y  Krassovsky (1950) who repor ted  negat ive  

p o t e n t i a l s  up t o  s i x  v o l t s  from Sputnik 111. 

con t r ibu te  t o  t h e  d i f f e rence  between p red ic t ed  and observed 

For Te = 1000°K, t h e  compute'd average p o t e n t i a l  i s  approxi- 

Fsc to r s  which might 

Explorer V I 1 1  n ight t ime p o t e n t i a l s  are t h e  presence of RF and mag- 

n e t i c  f i e l d s ,  which are not  taken i n t o  account i n  eq.  ( 4 )  t h u s  

a f f e c t i n g  the pred ic ted  r e s u l t ,  and a contac t  p o t e n t i a l  which can 

inf luence  the experimental value. The r e c t i f i c a t i o n  e f f e c t  of 

antennas used f o r  te lemetry t ransmissions would tend  t o  make t h e  

v e h i c l e  p o t e n t i a l  more nega t ive  than t h a t  computed from eq.  ( 4 ) .  

The Japsnese work (Aono e t  a l ,  1962) on resonance probes demon- 

s t ra tes  t h a t  i f  t h e  frequency of RF t ransmissions exceeds t h e  

plasma frequency, t h e  e f f e c t  should be s m a l l .  Whale (1963), on 

n 



. 

. 

the other hand, points out that this is so only for low values of 

RF power. It is possible, therefore, from the work of other 

investigators to show qualitatively that a large increase in po- 

tential would not be expected for the amount of power (100 mw) 

and the frequency (108 Mc) used by the Explorer VI11 telemetry 

system. However, these other data are not quantitative enough to 

state categorically that an increase of a few tenths of a volt, 

which is the difference between the predicted and observed Ex- 

plorer VI11 values, is not possible from the RF rectification 

effect. The earth's magnetic field can affect the electron dif- 

fusion current preferentially. Yowever, for the Explorer VI11 

form factor and orbit considered here, m i p p l e  (private communi- 

cation) computes a negligible effect of the magnetic field 09 the 

average satellite potential. Another possibility is an unknown 

in the measurement of the spacecraft potential. This measurement, 

described in detail in a later section, depends on the assumption 

that the aperture electrode of the measuring instrument is at the 

same potential as the adjacent satellite skin. Possible differ- 

ing work functions could result in different surface contact 

potentials and consequently introduce an error in the measurement. 

Consider now the more complicated case of daytime satellite 

potentials. Solar radiation causes electrons to be emitted from 

the satellite surface such that 
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For t h e  a l t i t u d e s  considered h e r e ,  t h e  photocurrent  e f f e c t  

(JJ dS ) masks t h e  ion d i f f u s i o n  e f f e c t  (JJ+dS-,.) and thus  competes 

wi th  e l e c t r o n  d i f f u s i o n  (JJedSe) f o r  t h e  dptermination of t h e  

p o l a r i t y  of the s a t e l l i t e  p o t e n t i a l .  For an o r i e n t a t i o n  where 

t h e  sun shines d i r e c t l y  on t h e  s a t e l l i t e ’ s  equator ,  Se i s  approxi-  

mately 4 x S 

J i s  5 x 10 

pendent of a l t i t u d e  f o r  t h e  p a r t i c u l a r  o r b i t a l  elements.  This  i s  

t o  be compared with a va lue  of 2.3 x lo-’ amps cm-’ previously 

measured by Hinteregger e t  a 1  (1959) on a rocket  a t  a lower a l t i -  

tude.  The t r a n s i t i o n  from a negat ive t o  a p o s i t i v e  s a t e l l i t e  

p o t e n t i a l  f o r  t h e  Explorer V I 1 1  case can be predic ted  t o  occur 

when 4 Je = ene ve = 5 x IO- ’  amps ern-', 
pred ic t ed  t h a t  t h e  p o l a r i t y  of t h e  s a t e l l i t e  p o t e n t i a l  w i l l  reverse 

< l o 4  ~ m - ~ .  This  i s  cons i s t en t  with our observa- 3 -3 f o r  10 cm < ne 

t i o n s  t h a t  t h e  average daytime Explorer V I 1 1  p o t e n t i a l  w a s  approxi-  

mately -0.15 v o l t s  f o r  ne 

p o s i t i v e  a t  apogee when ne 2 10 cm , 

P P  

The observed magnitude from Explorer V I 1 1  of 

amps cm-’ (Bourdeau e t  sl, 1961) ,  a va lue  inde- 
P’ 
-9 

P 

For T, = 1 0 0 O 0 K ,  it i s  

4 1C cm-3 and a few t e n t h s  of a v o l t  
3 - 3  

The motion of t he  s a t e l l i t e  with v e l o c i t y  (v) through t h e  

(6)  
+ - +  

@ = O0 + (VxB)*a 
-+ 

where d i s  t h e  vec tor  d i s t ance  of any po in t  on t h e  sur face  from 

t h e  s a t e l l i t e  c e n t e r .  A sa t e l l i t e  p o t e n t i a l  of Go w i l l  be measured 

~ - 8 -  

+ 

magnetic f i e l d  (B) produces an induced p o t e n t i a l  t h a t  i s  a func- 

t i o n  of pos i t i on  on t h e  sa te l l i t e  su r face ,  



b 

at all points that lie on a plane through the satellite center 

perpendicular to V x B. 
4 4 

All other points will be more positive or 

negative than Go as they are situated on one side of this plane or 

the other as illustrated in Figure 2. The measurement (Bourdeau et 

al, 1961) at an altitude of 1000 km shows a potential difference o f  

0.14 volt across the satellite equator, a value consistent witb 

that computed from eq. ( 6 )  using known values of V ,  F and d. 
+ - - t  

3. MEASUREMENTS OF PLASMA-TO-SATELLITE ION CURRENT 

The positive ion current (i+) flowing from th2 ionosphere w a s  

monitored by the sensor shown schematically in Figure 3. T h e  inner 

grid is biased negatively to suppress photoemission from the col-  

lector and to remove incoming electron current so that the col- 

lector responds only to ions diffusing from the ionosphere. 

As the satellite spins, it is possible to plot i+ as a func- 

tion of the aximuth angle of the sensor relative to the velocity 

and solar vectors. A typical example is illustrated in Figure 4 .  

The absence of a current when the sensor is pointed at the sun is 

proof that photoemission from the collector has been successfully 

suppressed. The observation that i+ is zero in the satellite wake 

is to be expected from the relative satellite and ion velocities 

and is definite but indirect experimental evidence for an elec- 

tron sheath immediately adjoining the vehicle at this location. 

m e n  the sensor is pointed within 4 5  degrees of the velocity 

vector, the observed collector current is given by the equation 

(7  1 - i+ - a+ n+ AeVcos8, 8 <45O,  
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where cy+ i s  the  combined e l e c t r i c a l  t ransparency of t h e  g r i d s  f o r  

p o s i t i v e  ions,  A i s  t h e  area of t h e  c o l l e c t o r  and 8 t h e  angle  be- 

tween t h e  sensor normal and t h e  sa te l l i t e  v e l o c i t y  v e c t o r .  A com- 

par i son  of t h e  measured i, from t h i s  sensor with t h a t  observed on 

an exposed c o l l e c t o r  descr ibed i n  a succeeding sec t ion  shows t h a t  

t h e  e l e c t r i c a l  transparency cy+ i s  eqiial t o  t h e  o p t i c a l  t r a n s -  

parency ( 9 2  p e r  c e n t ) .  Whenever, as in  t h i s  ca se ,  t h e  average 

s a t e l l i t e  p o t e n t i a l  i s  nega t ive  and V i s  l a r g e  compared t o  t h e  

thermal v e l o c i t y  of t h e  ion ,  t h e  ion c o l l e c t i o n  volume i s  computed 

from known parameters and consequentl-y t h e  device provides an 

accu ra t e  measurement of charged p a r t i c l e  dens i ty .  Confidence i n  

t h i s  statement i s  based on the  agreement between n+ values com- 

puted from eq. (7 )  using measured valuec of i:. with e l e c t r o n  dens i -  

t i e s  measured by the  two-element e l e c t r o n  temperature experiment 

descr ibed i n  a succeeding sec t ion .  An even b e t t e r  tes t  has  been 

performed by Donley ( 1 9 6 3 )  who shows good agreement between ion 

d e n s i t i e s  obtained by a s i m i l a r  experiment on a SCOUT rocke t  and 

e l e c t r o n  d e n s i t i e s  simultaneously measured by Aauer and Jackson 

us ing  radio-propagation methods. 

When the  angle  of t h e  sensor normal r e l a t i v e  t o  t h e  v e l o c i t y  

v e c t o r  i s  9Co, t he  observed i+ should behave as though t h e  body 

i s  a t  r e s t .  Current theory f o r  t h i s  condi t ion  r e s u l t s  i n  

- 
(8)  i+ - a+n+Aea , d = 90° 

2 F  
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where a i s  t h e  most probable thermal v e l o c i t y  of t he  p a r t i c l e .  

W e  f i n d  t h a t  t he  observed value f o r  0 = 90° is  l a r g e r  than what 

would be computed from eq. (8) f o r  reasonable  values of ion t e m -  

pera ture .  This  discrepancy represents  a gap i n  cur ren t  t h e o r i e s  

which assume a d i s c r e t e  boundary f o r  t h e  satel l i te '  s surrounding 

ion sheath.  The most l i k e l y  explanat ion f o r  t h e  d i f f e rence  i s  

t h a t  eq.  (8) should be modified t o  account f o r  t h e  e f f e c t  on t h e  

p o s i t i v e  ion c o l l e c t i o n  of e l e c t r i c  f i e l d s  pene t r a t ing  t h e  sheath 

a t  t h e  s ides  of t h e  sa te l l i t e  (Schulz and Brown, 1955). Another 

poss ib l e  reason i s  t h a t  f a c t u a l l y  w e  are not  deal ing wi th  p lanar  

geometry f o r  which eq.  (8) appl ies .  

4. MEASUREMENTS O F  PLASMA-TO-SATELLITE ELECTRON CURRENT 

I t  can be expected t h a t  t h e  e l ec t ron  cur ren t  which d i f f u s e s  

from t h e  ionosphere t o  t h e  satel l i te  would be modulated i n  accord- 

ance wi th  o r i e n t a t i o n  changes r e l a t i v e  t o  both t h e  v e l o c i t y  and 

magnetic f i e l d  vec to r s .  It is  poss ib le  t o  present  measurements of 

t hese  two e f f e c t s  separa te ly  by choosing da ta  obtained a t  c r i t i ca l  

sa te l l i t e  o r i e n t a t i o n s .  Spec i f i ca l ly ,  w e  can examine measured 

e l e c t r o n  c u r r e n t s  taken a t  s m a l l  d i s t ances  from t h e  plane 

(cf Figure 2) where changes due t o  t h e  magnetic f i e l d  e f f e c t  are 

not  permit ted even though the  spacecraf t  i s  spinning. Data w e r e  

so obtained by use of t h e  experiment i l l u s t r a t e d  i n  Figure 5. The 

sensor  c o n s i s t s  of two e lec t rodes ,  an ape r tu re  g r i d  maintained a t  

spacecraf t  p o t e n t i a l  and a c o l l e c t o r ,  

l a t t e r  serves t o  exclude the  e f f e c t s  of p o s i t i v e  ion and of 
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photocurrents, resulting in unambiguous measurements of only the 

electron diffusion current. 

The result, in the form of a graph of electron current as a 

function of orientation relative to the velocity vector, taken 

when the average satellite potential was -0.15 volt, is illus- 

trated in Figure 6. Amaximum is observed in the direction of 

motion and a minimum in the satellite's wake, representing 15 

per cent more or less, respectively, than that measured for an 

orientation perpendicular to the velocity vector. 

tion index is explainable to the first order by the ratio of 

electron-to-satellite velocity. 

those of Willmore et a1 (1962) who report at least an order magni- 

tude electron current depletion in the wake of the ARIEL satellite, 

This modula- 

The results do contrast with 

We have considered the possibility that the discrepancy be- 

tween the above-stated Explorer VI11 and Ariel observations is due 

to the fact that the data illustrated in Figure 6 were obtained 

near the forward end of the spin axis and thus represent results 

taken near the edge of the wake. This consideration involves 

examining data taken when the spin axis was perpendicular to the 

velocity vector and obtained by use of an electron current moni- 

tor situated on the satellite's equator, 

tron current monitor is illustrated in Figure 7 .  This sensor re- 

sponds to photocurrent when pointed toward the sun and to the dif- 

fusion of ambient electrons from the ionosphere. The result illus- 

trated in Figure 8 was obtained for an orientatinn sxh thatmagnetic 

field modulation of the electron diffusion current can be considered 

A schematic of the elec- 
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minimal. A large photocurrent effect is observed whenever the 

sensor is oriented within 45O of the sun. 

that we are observing only electron diffusion current. We note 

that, as expected, this current is a minimum when the sensor is 

located in the wake. We additionally emphasize (a) that the small 

percentage modulation is consistent with the relative electron and 

satellite velocities and, (b) that an appreciable current is 

observed for e = 180°, when the sensor is extremely close to the 

center of the wake. We still are left with a difference between 

the Explorer VI11 and Ariel results which perhaps is due to the 

different spacecraft form factors. 

Elsewhere it is assumed 

We now can consider magnetic field modulation of the elec- 

tron diffusion current by examining measured values of total or net 

current to the satellite surface. This was accomplished by measur- 

ing the current to a collector flush with and insulated from the 

satellite skin illustrated in Figure 9. This particular sensor was 

located on the satellite's equator. A typical daytime result is 

shown in Figure 10. Three pronounced effects are evident: (a) the 

peak ram ion current as the sensor most nearly points in the direc- 

tion of motion; (b) the masking photocurrent as the sensor points 

to the sun; and (c) the maximum electron current when 8 

It is the latter observation which illustrates magnetic field modu- 

lation of the electron current. A previous analysis (Bourdeau et 

al, 1961) shows that this maximum exactly occurs when the azimuth 

angle between the sensor normal and ? x 

280°. 

is zero degrees, a 
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position where the satellite surface is driven most positive by 

the induced emf. Since the electron current is related exponen- 

tially to the surface potential, the sharpness of the current 

variation near this specific orientation is to be expected. 

5. ELIMINATION OF INTERACTION EFFECTS IN DERIVING 
GEOPHYSICAL PARAMETERS 

It is possible from measurements of current flowing to the 

satellite to extract information on the ambient electron density 

and temperature and on the ambient ion density and composition. 

However, the complex behavior of the satellite-plasma interaction 

especially short-term variations of satellite potential and un- 

wanted currents require extreme care in so doing. Our methods of 

deriving geophysical parameters can be described by continuing 

reference to Figure 10 and the discussion which follows. 

To extract the ambient ion concentration, one needs to know 

unambiguously the behavior of i,. It is seen from Figure 10 that 

if one were to use an exposed electrode to determine I+, one has 
the problem of accounting for unwanted masking electron and photo- 

currents. T h i s  is most easily accomplished by experimental sepa- 

ration in the manner illustrated schematically in Figure 3 ,  lead- 

a 

ing to the easily interpretable result shown in Figure 4 .  Accurate 

positive ion densities then are obtainable by use of eq. (7)  pro- 

vided that one precisely knows the angle of attack and provided 

that @o is negative. 

that a positive satellite potential inhibits positive ions from 
entering the sensor. 

The latter requirement arises from the fact 
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The determination of electron concentration and temperature 

and of ion composition depends upon a measurement of the electron 

or ion diffusion current as a function of an applied retarding 

potential. To accomplish this successfully, one must insure that 

the measured current changes reflect only those due to applied 

retarding potential. Our measurement of ion composition described 

in the succeeding section was made at the satellite equator. 

Again separation of unwanted electron and photocurrents was experi- 

mentally accomplished. One next needs to account for orientation 

changes of i,. 

data to only that obtained when i+ is orientation invariant, spe- 

cifically obtaining a volt-ampere curve when the sensor always 

was closely pointed into the direction of motion. 

This is accomplished by restricting the reduced 

Similarly, in extracting the electron parameters we first 

experimentally separate out the unwanted ion and photocurrents. 

feel that this is especially important for charged particle densi- 

ties less than 10 cm , since from Figure 10 we know that the 
unwanted photocurrent can exceed the electron diffusion current 

even when the satellite is at plasma potential. Once the unwanted 

currents are separated out, one only needs to account for orienta- 

tion changes in the wanted electron diffusion current. With spe- 

cific reference to Figure 5, it is seen that the electron tempera- 

ture sensor has two modes of operation. In the first mode, no 

retarding potential is applied so that the orientation sensitivity 

illustrated by Figure 6 can be measured. From this knowledge, 

We 

4 -3  
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we then can take that volt-ampere curve in the second mode of 

operation where the electron diffusion current changes entirely 

reflect that due to the applied potential. 

6. SUMMARY OF ION COMPOSITION RESULTS 

Ion composition was measured on the Explorer VI11 satellite 

by use of a sensor located on the equator and identical to that 

illustrated in Figure 3 except that a retarding potential was 

applied in series with the collector. 

reported that 0' was the predominant ion at altitudes below 

1000 km in the daytime ionosphere (Bourdeau, 1961) and that helium 

ions become important above this altitude again for the daytime 

ionosphere (Bourdeau et al, 1962). In this section, we extend the 

reported results to infer the diurnal upper ionospheric ion compo- 

sition behavior for the period November-December 1960. 

Previous publications 

The principle of the experiment (Figure 11) is based on the 

fact that the kinetic energy of an ion relative to the satellite 

is proportional to its mass. 

cerned principally with three types of ions O', !le 

Whipple (1959) first set forth the theoretical equations for the 

volt-ampere behavior of planar ion traps. 

Figure 11, the shape of this volt-ampere curve is characterized 

by an inflection point for a binary mixture of O+ and IIe' and by 

a plateau for a mixture of 0' and 3'. 

In the upper ionosphere, we are con- 
+ + and Y . 

As illustrated in 

In the illustration, the 

abscissa is the ion retarding potential, ory which is the alge- 

braic sum of the satellite and collector (0~) potentials. The 

- 16 - 



ordinate is the collector current normalized to that observed at 

zero retarding potential. 

The diurnal behavior of upper ionospheric composition for 

the months of November and December, 1960, is illustrated in 

Figure 12. 

ferent altitudes at times which from the standpoint of the neutral 

gas temperature represent diurnal minimum conditions. We observe 

by a comparison of these two curves that (a) the transition alti- 

tude where O+ and Ye+ ions had equal concentrations was at about 

770 km, and (b) that at 980 km, the predominant ion was He+. In 

the latter volt-ampere curve, there is slight evidence from the 

sharp drop at zero retarding potential that protons became a trace 

constituent at 1000 km, such that the transition altitude from Ye+ 

to FI+ would occur at about 1200 km. 

data obtained midway between diurnal minimum and diurnal maximum. 

We observe from the first that 0' ions dominated at 800 km and from 

the second that the O+-Ye+ transition altitude has risen to 1500 km. 

We have observed some diurnal maximum data where this transition 

took place as high as 1800 km. 

show no trace of protons. 

The two upper volt-ampere curves were taken for dif- 

The lower two curves represent 

Our daytime volt-ampere curves 

In summary then, the Explorer VI11 retarding potential experi- 

ment defines an upper ionosphere where in late 1960 O+ ions pre- 

dominated up to about 800 km at night and up to at least 1500 km 

during midday. Helium ions predominated from 800 km to at least 

1200 km at night and from 1500 to at least 1800 km at midday. 

- 17 - 



This qualitatively agrees with the theoretical work of Bauer (1963) 

who postulates that these transition altitudes and thus the. thick- 

ness of the helium ion region can be related directly to the 

neutral gas temperature (Tg). 

at the diurnal minimum, then the nighttime Explorer VI11 composi- 

If we accept a value for Tg of 950' 

tion results correspond quantitatively to Bauer's theoretical 

expectation. On the other hand, if we accept current reference 

atmospheres where the diurnal maximum Tg is given at about 140O0K, 

then the measured O+-fle+ transition at midday is somewhat higher 

than in Bauer's model. There is closer agreement with Bauer's 

model if the daytime electron temperatures discussed in the suc- 

ceeding section are representative of Tg. 

transition level is somewhat higher than that inferred by flanson 

(1962a) from an ion density profile taken at a similar epoch of 

The daytime O+-He+ 

the solar cycle. 

7.  SUMMARY OF ELECTRON TEMPERATURE RESULTS 

The Explorer VI11 satellite contained two electron tempera- 

ture probes. The first was the two-electrode device illustrated 

in Figure 5. As discussed previously, this sensor had two modes 

of operation. In the first mode, the aperture grid was maintained 

at spacecraft potential and the device was used to monitor the 

orientation sensitivity of electron diffusion current, a typical 

example of which is illustrated in Figure 6 .  In the second mode, 

a retarding potential is applied to the aperture grid permitting 

a measurement of satellite potential, and the ambient electron 

- 18 - 
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density and temperature. 

conditions are illustrated in Figure 13. 

are computed from the slope of the exponential portion of the volt- 

ampere curves. Satellite potential is obtained from the position 

along the abscissa of the point at which the current departs from 

its exponential behavior. Electron density is computed from the 

electron current value taken at this specific retarding potential. 

The first curve is representative of midnight quiet ionosphere 

Typical volt-ampere curves for three 

Electron temperatures 

conditions in the 400-600 km region, where values of 900°K, 10 5 

cm-3, and -0.75 volt represent typical values of electron tempera- 

ture and density and satellite potential. The second curve is 

typical of midday quiet ionosphere conditions at 1000 km where 

Te, ne’ and g S  were typically 1600°K, l o 4  ~ m ’ ~  and -0.15 volt. 

third curve is typical of midday quiet ionosphere apogee (2400 km) 

The 

conditions where Te, ne, and qjS were typically 16OO0K, 10 3 cm - 3  

and +O. 25 volt. 

Although by the method described in previous sections, we 

have taken into account possible errors in electron temperature 

determination due to orientation changes of satellite potential 

and of the three types of exchange currents, there is left a possi- 

bility of error due to changes in the aperture grid’s electrical 

transparency with applied potential. This possible error we be- 

lieve to be small from a comparison of the two-electrode results 

with a different electron temperature experiment also included on 

satellite. Electrically this latter experiment, located near the 
forward end of the spin axis, was identical to that illustrated in 
Figure 7 except that an electron retarding potential was applied 

- 19 - 



to the collector. 

try revolution than the two-electrode experiment hence these data 

were not used extensively. 

temperature values were in agreement with those obtained from the 

two-electrode experiment. 

This particular experiment had a poorer teleme- 

For the times it was used the electron 

The short active life of the Explorer VI11 satellite together 

with the nature of real time telemetry transmissions severely 

limits our ability to separate latitude, altitude and diurnal 

variations of Te. 

cause the months of November and December, 1960 were characterized 

by a number of rather severe solar flares, truly an unfavorable 

time interval for the proponents of temperature equilibrium between 

electrons and heavy particles. Accordingly, we have limited the 

presentation of these results to "quiet" days, specifically when 

the world wide index (Ap) of magnetic activity was less than 15. 

The nature of the coverage available from the telemetry receiving 

network was such that our data applies principally to magnetic 

dips between 50' and 70°. 

This problem is made even more difficult be- 

The average diurnal variation of Te taken from approximately 

one hundred passages over a telemetry station is presented in 

Figure 14. 

neutral gas temperature in the isothermal altitude region for this 

level of solar activity taken from Yarris and Priester (1962). 

There is the need for an immediate note of caution - --- we have made 

the questionable assumption -- that the electron temperature - is 

- 20 - 
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4 

independent - of altitude, an assumption which can be examined in 

some detail as the discussion is developed. It is seen, firstly, 

that the average electron temperature taken during the six-hour 

period centered around midnight is 900°K. The individual data 

points showed a standard deviation 150°K.  Some of this deviation 

perhaps reflects expected daily variations in the neutral gas 

temperature. The altitude interval over which these nighttime 

data apply is 425-600 km. 

( 1 9 6 3 )  justify the assumption that Te should be constant with 

altitude at the diurnal minimum. 

9 0 0 ~ ~  is in excellent agreement with estimates of the neutral gas 

temperature for this epoch of the solar cycle, indicating no 

nighttime source of ionization for the stated conditions. Although 

our nighttime values were obtained principally for magnetic dips 

50 - 7 0 ° N ,  the little data we have at other latitudes show values 

that are within the standard deviation at magnetic dips between 

0 and 7 5 O N .  

tion for +,<15. 

temperature is consonant with the neutral gas temperature con- 

trasts with the midnight rocket result obtained at a magnetic dip 

of 7 O o N ,  for low geomagnetic activity by Brace and Spencer ( 1 9 6 3 ) .  

Their value of about 1200°K was obtained in December 1961 when 

the estimated Tg was about 800°, thus suggesting a ratio of Te/Tg 

of 1.5. We tend not to ascribe the different spaceflight results 

to the different experimental approaches used since, as discussed 

The rocket results of Brace and Spencer 

Our average nighttime value of 

We did not observe a single value outside this devia- 

Our observation that the nighttime electron 
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later, the Explorer VI11 midday results are in harmony with those 

of Brace and Spencer. They ascribe their high nighttime value to 

the possible existence of a local ionization source. Alouette 

satellite results obtained in late 1962 (Knecht and VanZandt, 1963) 
show that spread-F conditions are a characteristic feature of the 

upper ionosphere above 70' magnetic dip. 

b l y  is related to the existence of a secondary ionization source. 

Willmore et a1 (1962) in their preliminary analysis of Ariel satel- 

lite results (which also supposes that Te is independent of alti- 

tude) report a latitude dependence of nighttime electron tempera- 

ture with a spread that lies just outside our standard deviation. 

Their high latitude values are significantly above the neutral gas 

temperature inferred from current reference atmospheres. The most 

probable means of accommodating the Explorer VI11 nighttime results 

with these other spaceflight observations is to suggest a nighttime 

ionization source at high magnetic dips which grows in relative im- 
portance as one approaches the year of minimum solar activity, 

This feature also proba- 

c 

Turning now to the midday six-hour period centered at 1300 

LMC, the average observed electron temperature for this time inter- 

val was 1600°K with a standard deviation of 200°K. This portion 

of the diurnal variation was obtained at altitudes between 1000- 

2000 km and mostly over Australia (magnetic dip 50-70's) .  

have not included in this average a few percent of the total num- 

ber of observations where anomalously high values were observed. 

These could represent residual effects of solar flares which 

characterized the active life of Explorer VIII. The average value 

We 
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of 1600°K is within 200°K of current estimates of the neutral gas 

temperature at diurnal maximum for the period November-December 

1960. 

obtained for the same latitude, similarly "quieti' ionospheric con- 

ditions and during the same epoch of the solar cycle. 

(1962) infers from an ion density profile taken in October 1960 

that (Te + Ti)/2 was 16G0°K, data which apply to our altitude 
interval. When Hanson's result is compared with the Explorer VI11 

Te result, one concludes that T, 2 Ti for this general time inter- 

val and in this altitude region. 

lency of the charged particle and neutral gas temperatures. 

ing altitude-independent temperatures, the Explorer VI11 result 

also is in good agreement with the value for (Te + Ti)/2 of 16GOOK 
obtained in the altitude region 35C-60C km by Jackson and Fauer 

(1961) from an electron density profile measured on a rocket 

launched in April 1961. Again assuming altitude-independent tem- 

peratures, we also are in good agreement with the March 1961 rocket 

measurement of Te obtained at about 350 km by Brace and Spencer 

(1963) who conclude ''thermal equilibrium is normal in the quiet, 

daytime ionosphere at midlatitude, except in the lower F-region 

(approximately 150-300 km).'' 

Our average value agrees well with other spaceflight results 

Yanson 

One also infers close equiva- 

Assum- 

We emphasize that all of the above described rocket results 

and the conclusion of temperature equilibrium derived therefrom 

were obtained at midday, at mid-latitudes under quiet ionospheric 

conditions and for a specific epoch of the solar cycle. Evidence 
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i s  growing t h a t  t o  gene ra l i ze  - t h e  conclusion - of temperature equi- 

l i b r i u m  f o r  a l l  l a t i t u d e s  -- and f o r  o t h e r  p o r t i o n s  -- of t h e  s o l a r  

cyc le  would - be premature. Brace and Spencer (1963) r e p o r t  high 

e l e c t r o n  temperatures i n  t h e  a u r o r a l  reg ion  dur ing  1960. Evans 

(1962) r e p o r t s  a value f o r  T e / T i  of 1 .6  above 200 km obtained i n  

1962 a t  magnetic d ip  70°N from ground-based incoherent b a c k s e t t e r  

observa t ions ,  

t h e  A r i e l  sa te l l i t e  (Willmore e t  a l ,  1962) have va lues  s i g n i f i -  

c a n t l y  higher  than t h e  est imated n e u t r a l  gas temperature f o r  t h e  

p e r t i n e n t  t i m e  i n t e r v a l  (May, 1962). Since some of t hese  d a t a  

w e r e  obtained a t  t h e  ouoted Explorer VI11 l a t i t u d e s ,  t h e r e  i s  an 

inference t h a t  the  r a t i o  Te/Ti t ends  t o  increase  considerably both 

as one approaches s o l a r  minimum and/or goes t o  high l a t i t u d e s .  

-- - 

-- 

The repor ted  h i g h - l a t i t u d e  midday Te resul ts  from 

W e  consider  l a s t  t h e  most pronounced f e a t u r e  of t h e  Explorer 

VI11 d i u r n a l  Te v a r i a t i o n  - -  t h e  high e l e c t r o n  temperatures ob- 

served i n  the  sun r i se  per iod .  These values of up t o  2 . 5  t i m e s  t h e  

es t imated n e u t r a l  gas temperature w e r e  obtained i n  t h e  a l t i t u d e  

i n t e r v a l  600-900 km a t  magnetic d i p s  50-70'. 

r e p o r t  a maximum i n  T , / T ~  during t h e  s u n r i s e  per iod from ground- 

based incoherent backse t t e r  resul ts  obtained a t  t h e  geomagnetic 

equator .  Evans (1962), on t h e  o the r  hand, r e p o r t s  t h a t  Te/Ti 

reaches a maximum a t  noon, Hanson (1962b) and Dalgarno e t  a 1  

(1962) on the  assumptions t h a t  s o l a r  r a d i a t i o n  i s  t h e  only ion iz -  

ing  source and t h a t  t h e  excess photoelectron energy i s  deposi ted 

below the  F2 peak have est imated t h e o r e t i c a l l y  s m a l l  d i f f e r e n c e s  

Bowles e t  a 1  (1962) 
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in Te and Ti in the upper ionosphere but only for a midday iono- 

sphere. Both works relate the temperature difference (T -Ti) for e 
altitudes above the F2 peak to the ratio n(O)/n: where n(0) is 

the number density of oxygen atoms. Dalgarno (1963) using hypo- 

thetical values for ne has extended the theoretical estimates to 

suggest high electron temperatures in the sunrise period. We 

have applied this reasoning to a more practical case by dividing 

the diurnal variation of n(0) given by Harris and Priester (1962) 

by the diurnal n: variation reported by Flumle et a1 (1963) from 

the Alouette satellite, both variations applying to the period of 

late 1962. 

sented in Figure 15. It shows that high electron temperatures 

should be expected in the sunrise period but that the effect be- 

comes rather diffuse at altitudes above 700 km. It additionally 

shows that the temperature difference can increase somewhat in the 

sunset period. We emphasize the qualitative nature of Figure 15 

principally because (a) solar ultra violet intensity was not 

measured at the sane time and ( b j  since n(0) is an inferred rather 

than a measured parameter. However if the shape of the n(0) vari- 

ation as a function of diurnal time is correct, we would expect 

Te/Ti to be largest at sunrise and increase somewhat at sunset for 

the altitude interval of the Explorer VI11 measurements. We do 

observe that Te is a maximum at sunrise and that Te/Ti is some- 

what larger at sunset than at midday. The sunset data shown in 

Figure 13 were obtained between 600-900 km. We did not include 

The result for different altitude increments is pre- 
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i n  t h i s  averaging several h igher  a l t i t u d e  observa t ions  where Te 

was h igher  than t h e  average curve. Hanson (1962b) has  suggested 

t h e  p o s s i b i l i t y  t h a t  some photoelectrons can d i f f u s e  along mag- 

n e t i c  f i e l d  l i n e s  and depos i t  t h e i r  energy a t  h ighe r  a l t i t u d e s ,  

This  wculd be c r i t i c a l l y  dependent on t h e  r e l a t i o n s h i p  between 

magnetic d ip  and t h e  s o l a r  zen i th  ang le ,  I t  i s  p o s s i b l e  t h a t  t h e  

h igher  Te va lues  observed above 900 k m  a t  sunset  are r e l a t e d  t o  

t h i s  hypothesis .  
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FIGURE CAPTIONS 

Figure 

1. 

2. 

3 .  

4 .  

5. 

6 .  

7 .  

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

The Explorer VI11 Satellite. 

Illustrating the induced emf effect. 

Ion current monitor. 

Ion current as a function of aspect. 

Electron temperature probe. 

Electron current as a function of aspect. 

Electron and photocurrent monitor. 

Electron and photocurrent as a function of aspect, 

Total current monitor. 

Total current as a function of aspect. 

Ion retarding potential experiment. 

Ion composition results. 

Typical experimental electron temperature volt-ampere curves, 

Measured diurnal variation of electron temperature at mid- 
latitudes for magnetically quiet days (~$15). 

Qualitative diurnal variation of difference between elec- 
tron and ion temperatures, predicted from diurnal variation 
of n(0) and ne. 
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1. 
2. 

RETARDING POTENTIAL PROBE 
ION CURRENT MONITOR 

3. 
4. 

ELECTRON TEMPERATURE PROBE 
ASPECT SENSOR 
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